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Integration of ordered porous materials for
targeted three-component gas separation

Xue Jiang1,5, Yu Wang 1,5, Hui Wang2,5, Lu Cheng1,5, Jian-Wei Cao 1,
Jin-Bo Wang1, Rong Yang1, Dong-Hui Zhang3, Run-Ye Zhang3, Xiu-Bo Yang 4,
Su-Hang Wang1, Qiu-Yu Zhang 1 & Kai-Jie Chen 1

Separation of multi-component mixtures in an energy-efficient manner has
important practical impact in chemical industry but is highly challenging.
Especially, targeted simultaneous removal of multiple impurities to purify the
desired product in one-step separation process is an extremely difficult task.
We introduced a pore integration strategy of modularizing ordered pore
structures with specific functions for on-demand assembly to deal with com-
plex multi-component separation systems, which are unattainable by each
individual pore. As a proof of concept, two ultramicroporous nanocrystals
(one for C2H2-selective and the other for CO2-selective) as the shell pores were
respectively grown on a C2H6-selective ordered porous material as the core
pore. Both of the respective pore-integratedmaterials showexcellent one-step
ethylene production performance in dynamic breakthrough separation
experiments of C2H2/C2H4/C2H6 and CO2/C2H4/C2H6 gas mixture, and even
better than that from traditional tandem-packing processes originated from
the optimized mass/heat transfer. Thermodynamic and dynamic simulation
results explained that the pre-designed pore modules can perform specific
target functions independently in the pore-integrated materials.

Adsorptive separation is emerging as one of themost effective energy-
saving approaches to upgrade the traditional separation processes, as
it does not involve the phase transition process1. The key to imple-
menting the adsorptive separation technology is to develop highly
efficient adsorbents. Compared to traditional porousmaterials, metal-
organic frameworks (MOFs), or porous coordination polymers, or
metal organic materials with ordered porous structures and out-
standing designability, have shown great potential for application of
adsorptive separation2–17. Ordered pore environments with pre-
designed adsorption sites in MOF can realize directional recognition
of specificmolecules, but usuallyworks for binarymixture systems18–25.
Nevertheless, whether in nature or industrial manufacture, the
separation of the realistic mixture is complex and diverse26–30. For

example, in the purification process of ethylene, it is necessary to deal
with impurities with very similar physicochemical properties, such as
ethane, acetylene, and carbon dioxide31,32.

One-step separation ofmulti-component impurities by a single
adsorbent is an ideal separation approach33–39, but such adsorbents
are usually difficult to design. The primary cause is the great chal-
lenge of on-demand modular assembly with multiple types of
adsorption site or pore channels into single crystalline network
(i.e., MOF or other porous matrix). In industry, multi-component
mixtures are usually separated by tandem packing of several
adsorbents, but this will lead to inscrutable mass/heat transfer and
adverse packing process (e.g., the physical mixing of adsorbents at
the interface).
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Aiming at the above problems, chemical integration of two or
more different ordered pores could be a more feasible way, even if
such a strategy has not yet been used in multi-component gas
separations. Integrating different ordered porous materials can be
realized by direct chemical compositing40 or buffer-layer assisted
method41,42, though a certain prerequisite has to be met (i.e., unit cell
matching in epitaxy growth of core-shell MOF, exquisite control of
synthetic condition). Thus, we envision that such a pore integrated
material with multiple pore characteristics should be multi-functional
while avoiding various disadvantages caused by tandem packing.
Therefore, according to the purification requirements, the pores can
be modularly assembled, achieving the efficient separation of multi-
component mixtures in one single adsorption step (Fig. 1).

Concerning requirements of the multi-component gas purifica-
tion process, we developed a pore integration strategy (PIS) to address
two challenging ternary gas mixture systems. Herein, two ultra-
microporous porous materials TIFSIX-2-Cu-i43 ([(Cu(dpa)2(TiF6)]),
dpa = 1,2-bis(4-pyridyl)acetylene), SIFSIX-3-Ni2,43 ([(Ni(pyrazine)2SiF6)n])
with ultra-selective adsorption to C2H2 or CO2, were effectively
grown onto the crystal surface of another ordered one with suitable
pore size and polar pore surface for potentially strong C2H6 adsorption
(Zn-datz-ipa44, [Zn2(datz)2(ipa)]·DMF, Hdatz = 3,5-diamino-1,2,4-triazole,
H2ipa = isophthalic acid) under the assistance of dense oxygen anchor in
middle SiO2 layer (Fig. 2a), respectively. In addition to selectivity, the
ease to synthesis and the controllable morphology of the samples are
also key factor for selecting these MOFs.The resultant materials (Zn-

datz-ipa@SiO2@TIFSIX-2-Cu-i and Zn-datz-ipa@SiO2@SIFSIX-3-Ni) with
the integrated pore can effectively capture both impurities fromC2H4 in
dynamic breakthrough experiments of ternary C2H2/C2H4/C2H6 and
CO2/C2H4/C2H6 gas mixtures, respectively. The thermodynamic and
dynamic adsorption preference in Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i was
also validated by molecular simulation of first adsorption site at the
equilibrium-state and dynamic selective adsorption behavior in the
integrated pores. Such a PIS to address the simultaneous removal of
multiple impurities in a single separation step can be potentially utilized
to a wide range of multi-component gas separation processes of
industrial interest.

Results
Synthesis and characteristics of Zn-datz-ipa@SiO2@TIFSIX-2-
Cu-i
Considering the similarity of the two separation systems, the more
challenging C2H2/C2H4/C2H6 separation system was selected as the
typical discussion in the main text. The corresponding data and ana-
lysis of CO2/C2H6/C2H4 separation was listed in supporting informa-
tion. Zn-datz-ipa nanocrystals with uniform size (ca. 200 nm× 150nm
block) was firstly synthesized according to the reported procedure
with a littlemodification44 (Fig. 2b and Fig. S1). The purity and porosity
were confirmed by the powder X-ray diffraction (PXRD) pattern and
77K N2 adsorption (Figs. 2e and 3a). Due to the relatively polar pore
surface and suitable pore size in Zn-datz-ipa, C2H6 demonstrates the
largest uptake at low pressure of <10 kPa and strongest adsorption

Fig. 1 | Illustration of pore integration strategy for the one-step ternary gas
mixture purification. Blue and yellow ball are the impurity A and B, red ball is
the target product molecule, the blue framework presents core MOF which
has the specific pore sturcture for impurity A removal, the yellow framework

presents shell MOF which has the specific pore sturcture for impurity B
removal. When the mixed gas passes through the PIS material, the core MOF
and shell MOF can cooperate to remove the impurity A and B, obtain the target
product molecule by one step.
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energy, followed by C2H4, and then for C2H2. The selective adsorption
for C2H6 over C2H2 and C2H4 affords Zn-datz-ipa to be a good candi-
date for C2H6 removal from ternary gas mixture in the following pore
integratedmaterial. Thereafter, the amorphous SiO2 was chosen as the
intermediate transition layer because its very denseO atoms can act as
the anchors for the terminal coordination of following out-layer

TIFSIX-2-Cu-i45. Noting that the integrating of two heterostructural
MOF with different lattice in a single crystal/particle is very
difficult46–49, and most of the successful examples of core-shell MOF
systems reported so far are from the combination between the iso-
structuralMOFs50–53. The layer of silica shell was subjected to cover the
surface of Zn-datz-ipa through the conventional Stöber silica

Fig. 2 | Synthetic route,morphology, PXRDpattern, and scheme illustration of
the transition layer latticematching strategyusing SiO2 layer. a Synthetic route
of Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i. b SEM image of Zn-datz-ipa nanoparticle.
c left: SEM images of Zn-datz-ipa@SiO2 nanoparticle, right upper: TEM images of
Zn-datz-ipa@SiO2 nanoparticle, right lower: the corresponding elemental map-
pings for Si (red) and Zn (light blue) elements. d left: SEM images of Zn-datz-

ipa@SiO2@TIFSIX-2-Cu-i, right upper: TEM images of Zn-datz-ipa@SiO2@TIFSIX-2-
Cu-i nanoparticle, right lower: the corresponding elemental mappings for Cu
(orange) and Zn (light blue) elements. e PXRD patterns of Zn-datz-ipa (red line),
TIFSIX-2-Cu-i (blue line) and Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i (yellow line), insert:
the detail PXRD information of Zn-datz-ipa (star), TIFSIX-2-Cu-i (circle) andZn-datz-
ipa@SiO2@TIFSIX-2-Cu-i.

Fig. 3 | Thermodynamic, kinetic gas sorption properties of Zn-datz-ipa, TIFSIX-
2-Cu-i, and Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i. a N2 adsorption isotherms at 77K
of Zn-datz-ipa, TIFSIX-2-Cu-i, and Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i (insert graph:
SEM images of Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i before and after adsorption
measurement). Adsorption isotherms of C2H6 (blue circle), C2H4 (red triangle),
C2H2 (yellow star) on Zn-datz-ipa (b), TIFSIX-2-Cu-i (c) and Zn-datz-

ipa@SiO2@TIFSIX-2-Cu-i (d) at 298 K. (Color code for graphb and c insert: H,white;
C, gray; N, light purple; O, red; F, brown; Ti,; Zn, dark brown; Cu, dark red.) e IAST
selectivities of C2H6/C2H4 (50/50, v/v, blue bar) and C2H2/C2H4 (50/50, v/v, yellow
bar) for Zn-datz-ipa, TIFSIX-2-Cu-i, and Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i at 298K.
f Adsorption kinetic curves of C2H6 for Zn-datz-ipa (red), Zn-datz-ipa@SiO2 (blue),
Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i (yellow).
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encapsulation process with a little modification54. The characteristic
broad diffraction peak of amorphous SiO2 can be observed from 17° to
32° in the PXRD data of Zn-datz-ipa@SiO2 (Fig. S2). Scanning electron
microscope (SEM), transmission electron microscope (TEM) and
energy dispersive spectrometer (EDS) mapping images show that the
SiO2 layerwith thicknessof ca. 15 nmgrowsuniformly on the surfaceof
Zn-datz-ipa but not completely covered (Fig. 2c, Figs. S3–S5). Next, we
attempted to in-situ grow TIFSIX-2-Cu-i on the dispersed Zn-datz-
ipa@SiO2 particles in methanol. It should be noted that the additive
amount of precursors for TIFSIX-2-Cu-i growth greatly affects the
uniformly even growth of TIFSIX-2-Cu-i layer on Zn-datz-ipa@SiO2

particles.When the precursors ofTIFSIX-2-Cu-i wereover dose, TIFSIX-
2-Cu-i was inclined to nucleate independently (Fig. S6), while reducing
the precursor amount of TIFSIX-2-Cu-i would lead to poor crystallinity
and insufficient acetylene adsorption contribution in resultant inte-
grated pore system (Fig. S7). Finally, the uniform core-shell pore-
integrated porous material of Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i was
producedunder an optimized feedingZn/Cumolar ratio of 12.2:1. SEM,
TEM and EDS mapping images show that the nano-sized particles of

TIFSIX-2-Cu-i evenly cover on the surface of Zn-datz-ipa@SiO2 (Fig. 2d,
Figs. S8–S10). In contrast, TIFSIX-2-Cu-i grows randomly on/out of Zn-
datz-ipa crystals without use of SiO2 buffer-layer (Fig. S11). The PXRD
pattern of Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i shows that Zn-datz-ipa
maintains the structure during the whole synthesis process, and two
characteristic diffraction peak of TIFSIX-2-Cu-i can be observed at ca.
9° and ca. 13°, indicating the successful integrating of two ordered
porous materials (Fig. 2e). We speculated that SiO2 and core-shell
MOFs are formed through coordination bonds, but other hydrogen
bond forces cannot be ruled (Figs. S12–S15).The molar ratio of Zn/Cu/
Si = 62.0/3.5/1 was obtained by inductively coupled plasma atomic
emission spectrometry (ICP-OES) (Table S1), giving a formula of
[Zn2(datz)2
(ipa)]8.9@[SiO2]0.3@[Cu(dpa)2(TiF6)] for Zn-datz-ipa@SiO2@TIFSIX-2-
Cu-i. Relatively low content of Si will greatly benefit the gas diffusion
through the middle SiO2 layer. Moreover, the generality of such tran-
sition layer lattice matching strategy is also successfully applied to
prepare two other types of pore integrated materials, UiO-
66@SiO2@ZIF-8 and UiO-66@SiO2@MOF-74 (Figs. S16–S25).

Fig. 4 | First-site adsorptionconfigurations, adsorptionenergy, and adsorption
dynamics of gas molecules in porous materials. a First-site adsorption config-
urations and adsorption energy of C2H2 in TIFSIX-2-Cu-i, C2H6 in Zn-datz-ipa was
greater than C2H4 in TIFSIX-2-Cu-i, C2H4 in Zn-datz-ipa respectively (from left to

right). b Molecular dynamic snapshots of competitive gas mixture adsorption in
Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i, displayed as numbers of gas molecules in each
part at specific time points. (Color code: H, white; C, brown; N, blue; O, red; F, light
blue; Ti, light pink; Zn, gray; Cu, pink.).
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Pure gas adsorption
Microporosity of Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i was established by
77 K N2 sorption experiments, which gives a typical type-I character-
istic. The pore volume was calculated to be 0.237 cm3g–1 using the N2

uptake measure at P/P0 = 0.8, which is consistent with the theoretical
value (0.239 cm3g–1) calculated based on the above-mentioned com-
posite formula (Fig. 3a). Such a finding undoubtedly proves that the
existence of middle SiO2 layer does not affect the gas diffusion
between the core and shell pores. To verify the effectiveness of the PIS
for C2 hydrocarbon separation, single-component isotherms of C2H2,
C2H4 and C2H6 were also measured at 273 K and 298K, respectively
for Zn-datz-ipa, Zn-datz-ipa@SiO2, TIFSIX-2-Cu-i and Zn-datz-
ipa@SiO2@TIFSIX-2-Cu-i (Figs. 3b–d, S26–S30). As expected, the iso-
therms of as-synthesized TIFSIX-2-Cu-i is highly consistent with the
reported result55, following the adsorption uptake sequence at 298K
and 100 kPa of C2H2 (104.4 cm3g–1) > C2H4 (54.1 cm3g–1) > C2H6

(47.1 cm3g–1) and the same adsorption enthalpy (Qst) sequence
of C2H2 (48.7 kJmol−1) > C2H4 (38.1 kJmol−1) > C2H6 (36.0 kJmol−1)
(Figs. S31 and S32). In contrast, Zn-datz-ipa demonstrate the reverse
sequence for these three C2 hydrocarbon adsorption
(C2H6 >C2H4 >C2H2), especially at relatively low pressure and 298K.
Specifically, at 10 kPa and 298K, the C2H6 demonstrates the largest
C2H6 uptake (35.9 cm3g–1), followed by C2H4 (31.7 cm

3g–1), and then for
C2H2 (30.1 cm3g–1), while the sequence was same for adsorption
enthalpy (Qst), C2H6 (42.5 kJmol−1) > C2H4 (37.8 kJmol–1) > C2H2

(36.7 kJmol−1) (Figs. S33 and S34). For Zn-data-ipa@SiO2, because of
very limited amount of SiO2 and its surface location onporous crystals,
the gas adsorption uptake and affinity to three gases is almost
unchanged compared with that of Zn-datz-ipa (Figs. S35 and S36). To
be noted, for both Zn-datz-ipa and TIFSIX-2-Cu-i, adsorption energy of
C2H4 stands in the middle position of C2H2, C2H4 and C2H6, which can
be inferred that C2H4 cannot be separated in one step from ternary gas
mixture if only one of them is used. Interestingly, gas adsorption of
C2H2, C2H4 and C2H6 in Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i has under-
gone a qualitative change which is particularly obvious in the low-
pressure uptake sequence at 10 kPa of C2H2 (33.9 cm3g–1) > C2H6

(31.5 cm3g–1) > C2H4 (28.5 cm3g–1) and Qst sequence of C2H6

(38.4 kJmol−1) > C2H2 (38.1 kJmol−1) > C2H4 (36.2 kJmol−1)
(Figs S37 and S38). Regarding to the adsorption uptake and energy,
C2H4 all shifts to the lowest position compared to C2H2 and C2H6. The
change of adsorption behavior is also reflected in the ideal adsorbed
solution theory (IAST) selectivity. Both IAST selectivity of C2H6/C2H4

and C2H2/C2H4 in Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i were larger than 1
(Fig. 3e and Figs. S39–S46), manifesting the simultaneously selective
adsorption property of C2H2 and C2H6 over C2H4. To further verify the
unaffected gas diffusion behavior, the adsorption kinetics of C2 gases
were studied at 298K. For C2H6 with the largest kinetic radius, the
diffusional time constants of Zn-datz-ipa, Zn-datz-ipa@SiO2, and Zn-
datz-ipa@SiO2@TIFSIX-2-Cu-i were calculated to be 89, 109, and 105
respectively, meaning that the out-layer of TIFSIX-2-Cu-i and middle
layer of SiO2 have a negligible effect on the C2H6 diffusion from
external environment to internal pore channel of Zn-datz-ipa (Fig. 3f
and Figs. S47–S49). Additionally, we synthesized TIFSIX-2-Cu-
i@SiO2@Zn-datz-ipa, which has the opposite sequences with Zn-datz-
ipa@SiO2@TIFSIX-2-Cu-i (Figs. S50–S53, Table S2). Due to synthesis
limitations, the proportion of the shell (Zn-datz-ipa) is relatively small,
making it difficult to inverted the C2H4/C2H6 selectivity in the PIS
material. (Fig. S54). However, adsorption isotherms at different shell
contents reveals that the adsorption enthalpy of the TIFSIX-2-Cu-
i@SiO2@Zn-datz-ipa for ethane increases (36.3 kJmol−1 to
36.6 kJmol−1) with the content increase of shell MOF Zn-datz-ipa
(Figs. S55–S57), which is consistent with our previous experimental
observations55. In the thermodynamic driven separation system, the
components of the PISmaterials worked separately, and the final static
adsorptionperformance shouldbe the accumulationof the adsorption

behavior of eachMOF in the PISmaterials. That is, when the selectivity
in the actual separation process is not dominated by the diffusion, the
growing sequence of MOFs has a relatively minor impact on their
application performance.

Molecular modeling
To understand the thermodynamic adsorption differences of three C2
hydrocarbon molecules in Zn-datz-ipa and TIFSIX-2-Cu-i, correspond-
ing host-guest structures were studied by density functional theory
(DFT) simulations. In both Zn-datz-ipa and TIFSIX-2-Cu-i, the host-
guest interactions are mainly dominated by the hydrogen bonding
between C2 hydrocarbons and donor atoms of the framework. For Zn-
datz-ipa, gas molecules with more hydrogen atoms can attract more
interaction sites with N/O atoms of the framework, thus giving an
adsorption energy (Ea) hierarchy of C2H6 (–44.7 kJmol−1) > C2H4

(–40.7 kJmol−1) > C2H2 (–37.3 kJmol−1) (Fig. 4a and Fig. S58), in linewith
our experimental finding (Fig. S33). For TIFSIX-2-Cu-i, in presence of
strong F- site, the Ea follows the order of acidity of guest hydrogen
atoms: C2H2 (–45.9 kJmol−1) > C2H4 (–33.7 kJmol−1) > C2H6

(–30.9 kJmol−1) (Fig. 4a and Fig. S59), also consistent with the experi-
mental results in this study and previous report55. To be concluded, Ea
vaules of first C2H2 adsorption site in TIFSIX-2-Cu-i and first C2H6

adsorption site in Zn-datz-ipa are all higher than first C2H4 adsorption
site in both porous materials. This means the rational combination of
these two materials is very likely to capture C2H2 and C2H6 by their
strong and specific binding sites, respectively. In order to verify the
correctness of DFT simulation method, We have calculated the ther-
modynamic adsorption preference of C2 gases in the different amount
ratio of Zn-datz-ipa/TIFSIX-2-Cu-i in Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i
materials (Table S3 and Fig. S60). The results are constant with the
single materials. What’s more, in PIS materials, the SiO2 interlayer is
non-porous, so its effect on adsorption is negligible. Since the entire
core-shell structure is in a loose state, dynamic factors are not affected
by the mesoscopic structure of the material in this system. To further
investigate the dynamic competitive adsorption among these three
adsorbates in integrated pore system of Zn-datz-ipa@SiO2@TIFSIX-2-
Cu-i, molecular dynamic simulations were carried out based on a
supercell including9unit cells of Zn-datz-ipa, and4unit cells of TIFSIX-
2-Cu-i, which is very close to themolar ratio in experimental samples of
Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i. When 50 pairs of each C2 hydro-
carbon molecules added into the system, molecular size and polar-
ization played the dominant role at the very beginning as we can find
most C2H6molecules inouter free space at0.1 ns (Fig. 4b). However, as
the elapse of the time, we can easily find that more and more C2H6

moleculeswere adsorbed in Zn-datz-ipa (from0 to 36),whilemore and
more C2H2 molecules were adsorbed in TIFSIX-2-Cu-i (from 0 to 26).
Notably, the previous adsorbed C2H4 was replaced by following C2H2

and C2H6 when we compared two specific states between 8 ns and
15 ns. Very similar findings were observed in other 7 sets of simulation
batches with different proportion of Zn-datz-ipa and TIFSIX-2-Cu-i in
such a pore integrated structure model (Figs. S61–S68,
Tables S4 and S5). Such a dynamic simulation process implies the
highly synergistic cooperation of two ordered pore environment to
capture both C2H2 and C2H6 in presence of C2H4.

Column breakthrough experiments
To investigate the real separation ability of materials under practical
conditions, dynamic breakthrough experiments for equimolar ternary
gas mixture of C2H2/C2H4/C2H6 at 298K and ambient pressure were
firstly conducted for four sets of separation columns packed by Zn-
datz-ipa, TIFSIX-2-Cu-i, physical mixture of these two porousmaterials
and Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i. As shown in Fig. 5a and S70,
C2H2, andC2H4 breakthrough first from the Zn-datz-ipa column almost
at the same time (41.7min g–1), while C2H6was selectively captured and
elutes out last at 58min g–1, which is highly consistent with adsorption
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isotherms and simulation results (Fig. S71). For TIFSIX-2-Cu-i, C2H2 can
be effectively adsorbed by the column, but C2H4 and C2H6 are not well
separated (Fig. 5b and Fig. S72). These results further confirm that
C2H4 cannot be produced in one step when there is only one single
physisorbent of Zn-datz-ipa or TIFSIX-2-Cu-i in the separation column.
Next, a physical mixture of Zn-datz-ipa and TIFSIX-2-Cu-i with Zn/Cu
molar ratio of 9/1 was packed into the separation column after suffi-
cient grinding. As shown in Fig. 5c, C2H2 (50.8min g–1) elute out
immediately after C2H4 (50.6min g–1), which is probably caused by
relatively low loading of TIFSIX-2-Cu-i compared to Zn-datz-ipa. In
other words, relatively low content of TIFSIX-2-Cu-i is impossible to
perfectly distribute each diffusion path of gas mixture, so C2H2 passes

out quickly without adequate contactwith specific C2H2 binding site of
TIFSIX-2-Cu-i. When TIFSIX-2-Cu-i amount increased in the physical
mixture (i.e., equal mass ratio), C2H6 then becomes the problematic
one due to the weakened capture ability and similarly poor spatial
distribution in the separation column (Fig. S73). In sharp contrast, PIS-
based Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i hold the great promise to
address this issue because of the chemically well-integrated pore sys-
tem in each single particle of the material. The breakthrough result
reveals that C2H4 preferentially elutes out at 52.8min g–1 from the
adsorption bedof Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i (Fig. 5d), andC2H4

with polymer-grade purity (>99.5%) can be maintained until the C2H2

flow out at 59.2min g–1 (Fig. S74), giving an excellent C2H4 production

Fig. 5 | Dynamic breakthrough experiments for different adsorbents. Experi-
mental breakthrough curves at 298K for C2H2/C2H4/C2H6 (1:1:1, total gas flow is
1.5 cm3min−1) based on (a) Zn-datz-ipa, b TIFSIX-2-Cu-i, c physical mixture of Zn-
datz-ipa and TIFSIX-2-Cu-i, d tandem packing of Zn-datz-ipa and TIFSIX-2-Cu-i,
e synergistic sorbent separation technology (SSST) with Zn-datz-ipa and TIFSIX-2-
Cu-i, and f pore integration strategy (PIS) with Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i. In

(a–f), above each figure is the illustration of breakthrough column, the single Zn-
datz-ipa column, the single TIFSIX-2-Cu-i column, and the physical mixture column
cannot separate the C2H2/C2H4/C2H6 three mixture gases by one step. In e-f, the
molar ratio ofZn/Cu is 9/1, the shadingpart represents the integral area selected for
calculating C2H4 productivity. (Color code: H, white; C, brown.).
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capacity of 0.433mmol g−1. Due to the larger content of Zn-datz-ipa in
Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i, C2H6 finally flowed out at
64.0min g–1. In addition, experimental dynamic selectivity of Zn-datz-
ipa@SiO2@TIFSIX-2-Cu-i was evaluated by online mass spectrometry
at different flow rates, and the dynamic selectivity at all four flow rates
was consistent with that calculated by IAST (Fig. S75 and Table S8). To
further clarify the advantages of PIS, the tandem-packing processes
commonly used in industry are also compared.When the TIFSIX-2-Cu-i
and Zn-datz-ipa are located in two different columns or tandem-
packed in one column, C2H4 can be preferentially eluted from the
column, giving productivities (C2H4 purity > 99.5%) of 0.256mmol g–1

and 0.331mmol g–1 respectively (Fig. 5d, e). Both values are sig-
nificantly lower than the productivity of PIS (0.433mmol g−1), which
may be due to the complex mass transfer and thermal effects in the
breakthrough. Therefore, the numerical experiments were conducted
with Fluent software. It can be seen that the Zn-datz-
ipa@SiO2@TIFSIX-2-Cu-i and tandem-packing TIFSIX-2-Cu-i/Zn-datz-
ipa have significant difference in mass transfer behaviors and thermal
effects. The pressure drop and temperature rise in the two-stage
process (60 kPa, 110 K) are obviously higher than that of PIS (15 kPa,
55 K), which should be account for the better C2H4 productivity of PIS
(Figs. S76–S79, Tables S9–S12).

The promising separation ability for a ternary gas mixture with
different molar ratio of C2H2/C2H4/C2H6 (1/90/9) was also achieved
(Fig. S80). In addition, all the experimental breakthrough data were
validated by the highly consistent dynamic breakthrough simulations
(Figs. S81–S83). The well-maintained separation performance was
observed after five repeating breakthrough cycles, and the porosity of
Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i after breakthrough experiments still
displays the almost identical value in the 77 K N2 sorption isotherms
(Figs. S84–S86).

Universality of the PIS
To verify the universality of PIS, we developed another separation sys-
tem (CO2/C2H4/C2H6) through the similar synthetic approach. Zn-datz-
ipa was also selected as the core MOF, while the CO2-selective SIFSIX-3-
Ni was chosen as the shell MOF, yielding Zn-datz-ipa@SiO2@SIFSIX-3-Ni
with a formula of [Zn2(datz)2(ipa)]0.98@[SiO2]0.033@[Ni(pyrazine)2SiF6].
The purity and porosity of Zn-datz-ipa@SiO2@SIFSIX-3-Ni were con-
firmed by PXRD patterns and 77K N2 isotherm (Figs. S87 and S88). SEM
and TEM images showed that the microcrystalline particles of SIFSIX-3-
Ni can be uniformly covered on Zn-datz-ipa to form a regular core-shell
structure (Figs. S89 andS90). As expected, Zn-datz-ipa@SiO2@SIFSIX-3-
Ni exhibited stronger CO2 (51.1 kJmol−1) and C2H6 (42.4 kJmol−1) than for
C2H4 (36.5 kJmol−1), accounting for the ability to purify C2H4 from the
equimolar CO2/C2H4/C2H6 in one step during the breakthrough experi-
ment (Figs. S91–S112). Additionally, to explore the effect of MOF pro-
portion on performance, we modulated the SIFSIX-3-Ni content in Zn-
datz-ipa@SiO2@SIFSIX-3-Ni by varying reaction duration, leading to an
increment in shell-MOF SIFSIX-3-Ni amount over reaction days. PIS
materials from 2 days, 2.5 days, and 3 days were assessed, with XRD, TG,
and adsorption isotherms detailed in Figs. S113–S115. It can be seen that
with the increase of CO2-selected MOF SIFSIX-3-Ni, the CO2 adsorption
enthalpy of the PIS samples increased (Fig. S116). Therefore, the PIS
strategy allows for performance control of the shell MOF by adjusting
the proportion of core-shell MOF. These results further affirm that PIS
can provide a simple and efficient modular assembly on demand strat-
egy for the separation of specific multi-component mixtures.

Discussion
PIS based on ordered porous materials with respectively specific
binding sites to C2H2, CO2 and C2H6 was demonstrated here for two
representative three-component C2H4 separation systems. Porous
materials used here for pore-integration, probably can be substituted
by other better physisorbents with higher adsorption uptake and/or

selectivity to further enhance the overall performance. Such a strategy
could be a new solution to fabricate advanced multi-functional phy-
sisorbents to tackle with many other complex separation systems in
related industry processes.

Methods
General
All reagents were obtained from vendors and used as received without
further purification. The crystallinity and phase purity of the samples
were measured using PXRD with a Rigaku Mini Flex II X-ray dif-
fractometer employing Cu-Kɑ radiation operated at 40 kV and 15mA,
scanning over the range 5–50° (2ϴ) at a rate of 10°min−1. Thermo-
gravimetry analyses were performed at a rate of 10 °Cmin−1 under N2

flow using TA Q50 system. The adsorption kinetics were recorded
under the target gas atmosphere with a flow rate of 25 cm3min−1.

Synthesis of TIFSIX-2-Cu-i. An aqueous solution (20mL) obtained
from dissolving 0.8 g (3.3mmol) of Cu(BF4)2·xH2O and 0.67 g
(3.3mmol) of (NH4)2TiF6 was added into a methanol solution (20mL)
with 0.67 g (6.6mmol) 4,4’-bipyridylacetylene. This mixture was
transferred into a 100mL borosilicate bottle, and then heated at 80 °C
for 24 h. After cooling, the mixture was filtered. The resulting blue-
purple powder was exchanged with fresh methanol three times daily
for 3 days and then heated to 50 °C under vacuum to finally obtain
activated TIFSIX-2-Cu-i.

Synthesis of SIFSIX-3-Ni. 437mg (1.5mmol) of Ni(NO3)2·6H2O,
269mg (1.5mmol) of (NH4)2SiF6, and 240mg (3mmol) of pyrazinewas
added into 3mL water, stirring the slurry mixture 3 days, a micro-
crystalline powder in purple was harvested. The suspension mixture
was filtered and washed by water and ethanol. Then it was exchanged
with fresh ethanol three times daily for 3 days and heated to 100 °C
under vacuum to finally obtain activated SIFSIX-3-Ni.

Synthesis of Zn-datz-ipa. A clear solution of 1.487 g (5mmol) of
Zn(NO3)2·6H2O in 10mL deionized water was added dropwise over
another clear DMF/MeOH (40mL, v/v = 1:1) solution with 0.496 g
(5mmol) Hdatz and 4.153 g (2.5mmol) H2ipa. The resulting mixture
was heated at 130 °C for 72 h, and then cooled to room temperature.
The white powder was exchanged with fresh methanol three times
daily for 3 days and then heated to 150 °C under vacuum to finally
obtain activated Zn-datz-ipa.

Synthesis of Zn-datz-ipa@SiO2. 1.0 g of as-prepared Zn-datz-ipa
were dispersed in 50mL methanol by ultrasonication for 30min.
5mL tetraethyl orthosilicate was added to the above dispersion and
stirred for an additional 30min. Then, 5.0mL 0.1 M NaOH aqueous
solution was added drop wisely over 5min with a stirring rate of
500 rpm at room temperature. After 24 h stirring, Zn-datz-ipa@SiO2

were collected by centrifugation (8000 rpm in 30 × g, 10min) and
washed with methanol for three times. The white powder was
exchanged with fresh methanol three times daily for 3 days and then
heated to 150 °C under vacuum to finally obtain activated Zn-datz-
ipa@SiO2.

Synthesis of Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i. 0.2 g of Zn-datz-
ipa@SiO2 particle was dispersed in methanol by ultrasonication for
30min. 0.055mmolmL−1 Cu(BF4)2·xH2O and 0.055mmolmL−1

(NH4)2TiF6 aqueous solution was added into the above suspension
solution. Then 0.11mmolmL−1 of 4,4’-bipyridylacetylene and 100μL of
triethylamine (TEA) methanol solution was added into the above sus-
pension solution using peristaltic pumps (LSP04-1A, Longer Precision
PumpCo., Ltd.) with an injection rate of 20mLh−1. After string at 80 °C
for 24 h, the light blue powder was filtered and washed bymenthol for
three times. The light blue powderwas exchangedwith freshmethanol
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three times daily for 3 days and then heated to 50 °C under vacuum to
finally obtain activated Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i.

Synthesis of Zn-datz-ipa@SiO2@SIFSIX-3-Ni. 1.5mmolNi(NO3)2·6H2O,
1.5mmol (NH4)2SiF6, 3mmol pyrazine, were solved in a 30mL bor-
osilicate bottle containing 6mL water and 60μL of triethylamine (TEA),
0.21 g Zn-datz-ipa@SiO2 particle was dispersed into above suspension
solution by ultrasonication for 5min. Then 1.5mmolmL−1 of pyrazine
aqueous solution was added into the above suspension solution using
peristaltic pumps (LSP04-1A, Longer Precision Pump Co., Ltd.) with an
injection rate of 6mLh−1. After string at room temperature for 72 h, the
light purple powder was filtered and washed by water and ethanol for
three times. Then it was exchanged with fresh ethanol three times daily
for 3 days and heated to 100 °Cunder vacuum to finally obtain activated
Zn-datz-ipa@SiO2@SIFSIX-3-Ni.

Single-gas sorption experiments. Gas sorption isotherms for N2,
C2H6, C2H4, and C2H2 were measured with an automatic volumetric
sorption apparatus Micromertics 3FLEX. All the high-purity gases
used in the single-gas adsorption experiments were purchased
commercially: He (99.999%), N2 (99.999%), C2H2 (99.99%), C2H4

(99.999%), and C2H6 (99.999%). A 4 L Dewar filled with liquid N2

was adopted for control of achievement of 77 K. Precise control
of 273 K and 298 K were realized by a Julabo ME (v.2) with a recir-
culating control system containing a mixture of ethylene glycol
and water.

Dynamic gas breakthrough experiments. TheZn-datz-ipa, TIFSIX-2-
Cu-i, and Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i breakthrough curves
were recorded on a homemade apparatus for C2H6/C2H4/C2H2 gas
mixtures at 298 K and 100 kPa. Activated Zn-datz-ipa 4.82 g,TIFSIX-2-
Cu-i 4.82 g, Zn-datz-ipa@SiO2@TIFSIX-2-Cu-i 4.82 g were prepared
and packed into a stainless-steel column for the C2H6/C2H4/C2H2 (1/1/1,
total gas flow of 1.5 cm3min–1), C2H6/C2H4/C2H2 (90/9/1, total gas flow
of 1.5 cm3min−1) separation experiment. And the outlet gas con-
centration was monitored by a gas chromatography analyzer (TCD-
Thermal Conductivity Detector, detection limit 0.1 ppm). After each
breakthrough experiment, Zn-datz-ipa can be regenerated under a He
flow of 20 cm3min−1 at 70 °C for 8 h, TIFSIX-2-Cu-i can be regenerated
under a He flow of 20 cm3min−1 at 50 °C for 8 h, Zn-datz-
ipa@SiO2@TIFSIX-2-Cu-i can be regenerated under a He flow of
20 cm3min−1 at 90 °C for 8 h.

Data availability
All relevant data are provided in this article and its supplementary
Information. Source data of the PXRD patterns, TGA curves, sorption
tests; gas adsorption enthalpies and selectivities and breakthrough
tests that support the findings of this study are provided as a Source
Data file (https://doi.org/10.6084/m9.figshare.28075376). Source data
are provided with this paper.
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